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Abstract
Background. Sex-related differences in psychopathology are known phenomena, with
externalizing and internalizing symptoms typically more common in boys and girls, respect-
ively. However, the neural correlates of these sex-by-psychopathology interactions are
underinvestigated, particularly in adolescence.
Methods. Participants were 14 years of age and part of the IMAGEN study, a large (N = 1526)
community-based sample. To test for sex-by-psychopathology interactions in structural grey
matter volume (GMV), we used whole-brain, voxel-wise neuroimaging analyses based on
robust non-parametric methods. Psychopathological symptom data were derived from the
Strengths and Difficulties Questionnaire (SDQ).
Results. We found a sex-by-hyperactivity/inattention interaction in four brain clusters: right
temporoparietal-opercular region ( p < 0.01, Cohen’s d =−0.24), bilateral anterior and mid-
cingulum ( p < 0.05, Cohen’s d =−0.18), right cerebellum and fusiform ( p < 0.05, Cohen’s d =
−0.20) and left frontal superior andmiddle gyri ( p < 0.05, Cohen’s d =−0.26). Higher symptoms
of hyperactivity/inattention were associated with lower GMV in all four brain clusters in boys, and
with higher GMV in the temporoparietal-opercular and cerebellar-fusiform clusters in girls.
Conclusions. Using a large, sex-balanced and community-based sample, our study lends sup-
port to the idea that externalizing symptoms of hyperactivity/inattention may be associated
with different neural structures in male and female adolescents. The brain regions we report
have been associated with a myriad of important cognitive functions, in particular, attention,
cognitive and motor control, and timing, that are potentially relevant to understand the
behavioural manifestations of hyperactive and inattentive symptoms. This study highlights
the importance of considering sex in our efforts to uncover mechanisms underlying psycho-
pathology during adolescence.
Heterogeneity in mental disorders is a significant and largely unresolved problem that stands
in the way of the development of predictors and targeted therapies. A clear example of this
heterogeneity is sex-related, which is a ubiquitous phenomenon in psychopathology – many
disorders show uneven sex distributions of prevalence, symptoms, age of onset and treatment
response (Martel, 2013; Paus, Wong, Syme, & Pausova, 2017). For example, externalizing dis-
orders are more frequently observed in males than females, whilst the reverse pattern is true for
internalizing disorders (Carragher et al., 2016; Martel, 2013). Previous research suggests that
brain differences in males and females may be related to differences in the expression of
both externalizing and internalizing forms of psychopathology (Giedd, Castellanos,
Rajapakse, Vaituzis, & Rapoport, 1997; Kaczkurkin, Raznahan, & Satterthwaite, 2019;
Lenroot et al., 2007). This underscores the importance of identifying sex-by-psychopathology
interaction patterns as manifested in the brain. The timing of the development of sex differ-
ences is important. Brain and behavioural sex differences are particularly noticeable during
developmental stages such as childhood and adolescence (Paus et al., 2017). Moreover,
although psychopathology can be observed early in childhood (Egger & Angold, 2006), wide-
spread vulnerability to psychopathology becomes most apparent in adolescence (Paus,
Keshavan, & Giedd, 2008; Schumann et al., 2010), with half of the lifetime psychopathological
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burden detectable by the mid-teens and 75% by the mid-20s
(Gore et al., 2011; Kessler et al., 2007). Hence, adolescence is a
time when both sex differences and psychopathology are marked,
making adolescence an important window to investigate potential
sex differences in the neural correlates of these disorders.
Advancing the understanding of sex-bias in common psychopath-
ology may aid in the development of effective screening, interven-
tion strategies and health policy decisions.
Previous research attempts to uncover sex-by-psychopathology
interactions in the brain exist. For example, depression and low
positive attributes have been found to associate with lower grey
matter (GM) in limbic regions in females (Kong et al., 2013)
and lower GM in striatal regions in males (Kong et al., 2013).
In conduct disorder, sex differences were reported in parietal
and frontal regions with boys showing smaller cortical thickness,
higher gyrification and higher surface area compared to controls,
whilst girls showed the opposite pattern (Frere et al., 2020;
Smaragdi et al., 2017). However, these previous studies are sparse
and have various limitations that leave the search for sex-by-
psychopathology interactions in the brain elusive. Limitations
include power-related issues driven by small sample sizes and age
or sex-dependent confounds driven by wide age ranges and unba-
lanced sex groups (Abi-Dargham & Horga, 2016; Kaczkurkin
et al., 2019; Klein et al., 2017; Kong et al., 2013; Lenroot et al.,
2007; Rutter, Caspi, & Moffitt, 2003; Smaragdi et al., 2017; Valera
et al., 2010; Wu et al., 2019). Also, one of the dominant methodo-
logical approaches is region-of-interest (ROI) analyses, which
whilst being informative, is less useful in generating new findings
and hypotheses outside of the pre-selected ROIs. Voxel-based
morphometry offers an alternative whole-brain approach that
does not require the a priori selection of ROIs (Ashburner &
Friston, 2000). Furthermore, these studies often rely on case–
control designs, which assume a categorical distribution of psycho-
pathology, an assumption that has been contested with data
suggesting that symptoms may be spread over a spectrum instead
(Kaczkurkin et al., 2019; Klein et al., 2017; Marquand, Rezek,
Buitelaar, & Beckmann, 2016).
This study aims to investigate sex-by-psychopathology interac-
tions in the brain structure of young adolescents. To do so we
investigate GMV changes given that this brain measure has been
previously associated with a myriad of psychiatric diagnoses
(Goodkind et al., 2015). As a measure of psychopathology, we
look at common externalizing and internalizing symptoms as
these have been previously reported to show sex differences
(Carragher et al., 2016; Martel, 2013). Importantly, this study over-
comes the limitations of previous reports mentioned above by way
of the sample characteristics and methodological approaches it
employs. We utilise IMAGEN, a sex-balanced sample of approxi-
mately 2000 adolescents within a focused age range of around 14
years (Schumann et al., 2010). IMAGEN is a community-based
sample that allows us to examine the symptoms of psychopathology
as traits, which are assumed to be continuously, rather than categor-
ically, distributed and hence are a closer representation of the distri-
bution of symptoms in the general population (Kaczkurkin et al.,
2019; Marquand et al., 2016). Considering the time between the
occurrence of first symptoms and the first contact with psychiatric
services generally spans several years, investigating symptoms
rather than fully-fledged clinical cases may offer important novel
insights into their aetiology. Importantly, instead of testing hypoth-
eses via an ROI approach, we use an exploratory whole-brain
method to maximise the discoverability of associated brain areas.
At the same time, we use robust and conservative methods to
minimise false positives, for example, by using non-parametric
statistical brain analyses, correcting for multiple comparisons and
including various covariates. Finally, a secondary aim of this
study is to confirm whether sex differences exist at the symptom-
behavioural level and we hypothesise that externalizing and intern-
alizing symptoms will be higher in boys and girls, respectively.
Methods
Participants
The IMAGEN sample was recruited and tested across eight
European sites. Recruitment was achieved via high schools with
two broad aims: (i) reduce genetic diversity by maximizing
European descent homogeneity, and (ii) maximise socioeconomic
status (SES), emotional and cognitive development diversity by
sampling equally from private, state-funded and special units.
Details on recruitment and assessment can be found elsewhere
(Schumann et al., 2010). At each site, the study was approved
by the appropriate Ethics boards. Informed assent and consent
were obtained from the participant and their legal guardian,
respectively. The community-based sample comprised of adoles-
cents aged 13.3–15.5 years (Fig. 1). Participants were removed if
they had missing data for the following variables: psychopatho-
logical symptoms, puberty score, age, SES, if they displayed a verbal
or reasoning IQ score below 75 on theWISC-IV or if neuroimaging
data were either missing or failed quality control, reducing the ori-
ginal sample of N = 2090 to N = 1526 (Supplementary material).
For the behavioural analyses alone, a larger subset of the data
(N = 2046) was available (Supplementary material). The socio-
economic andhousing subscale of the Family Stresses questionnaire
(Goodman, Ford, Richards, Gatward, &Meltzer, 2000) was used as
an index of SES (Supplementary material). Sex was self-reported
(male or female). A puberty score was obtained from the Puberty
Development Scale that is based on the development of external pri-
mary and secondary sex characteristics (Petersen, Crockett,
Richards, & Boxer, 1988).
Psychopathology
Psychopathological symptoms were assessed using the self-rated
Strengths and Difficulties Questionnaire (SDQ) (Goodman,
1997), a brief behavioural screening tool with five subscales and
five items per subscale (Supplementary material). We focused
on the four subscales measuring difficult behaviour: hyperactiv-
ity/inattention, conduct problems, emotional problems and peer
problems (Fig. 2). These can be split into two categories, external-
izing symptoms (hyperactivity/inattention; conduct) and internal-
izing symptoms (emotional; peer) (Goodman, Lamping, &
Ploubidis, 2010).
Neuroimaging
The MRI scanners used across the eight sites were 3-Tesla and of
various manufacturers (Siemens, Philips, GE, Bruker). To ensure
comparability across sites, scan parameters were standardised to
the highest degree possible and were optimised based on the
ADNI1 protocol (http://adni.loni.usc.edu/methods/documents/
mri-protocols/) to give good agreement in the final images despite
scanner differences. T1-weighted images were spatially normal-
ised and segmented into GM using a voxel-wise-based morphom-
etry (VBM) pipeline involving unified segmentation (Ashburner
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& Friston, 2005), a diffeomorphic registration (Ashburner, 2007)
within the SPM software (https://www.fil.ion.ucl.ac.uk/spm/) and
smoothing to 8 mm (see Supplementary materials, for neuroima-
ging data acquisition and preprocessing details).
Statistical analyses
To address the main research question of whether sex-by-
psychopathology interactions are detected for GM outcomes, we
ran four general linear models (GLM), one for each of the four
psychopathological symptom subscale scores (hyperactivity/
inattention, conduct, emotional and peer problems) with
GMV at the voxel-level as the dependent variable. The sex-by-
psychopathology interaction term was calculated by multiplying
sex to the relevant subscale score and used as the covariate of
interest. Sex, the relevant subscale score, site, handedness, age,
puberty, SES and total intracranial volume (TIV) were added as
covariates (Figs 1 and 2). Also, considering that the four psycho-
pathological symptom subscales were significantly correlated with
each other (online Supplementary Table S1), each one of the four
GLMs included the remaining three subscales as covariates
(design matrix: online Supplementary Fig. S3). A version of the
analyses excluding the other subscales as covariates can be
found in Supplementary materials. These GLMs were implemen-
ted across the whole brain, using voxel-wise analyses using a
threshold-free cluster enhancement (TFCE) approach (Smith &
Nichols, 2009). Cluster-wise inference is known to have higher
sensitivity compared to voxel-wise tests when the signal is spa-
tially distributed (Woo, Krishnan, & Wager, 2014). One common
way to run cluster-wise analysis is via the SPM random-field
approach, however, to avoid problems related to this method
(Eklund, Nichols, & Knutsson, 2016) and avoid the arbitrariness
of setting a cluster-forming threshold as well as ensure appropri-
ate correction for the family-wise error (FWE), a robust non-
parametric TFCE approach was used and implemented via FSL
software’s (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) randomise func-
tion (Winkler, Ridgway, Webster, Smith, & Nichols, 2014). The
null distribution was generated using 10 000 permutations of
the experimental labelling with adjustment for the FWE using a
threshold of p < 0.05. Given that our analysis was exploratory,
we tested for both directed contrasts (negative and positive asso-
ciations with GMV) and hence used two-tailed statistical signifi-
cance values. In addition, we corrected for multiple comparisons
experiment-wise (across the four behavioural symptom subscales)
using Bonferroni correction by multiplying the p value by four
(i.e. number of tests conducted).
To test the direction of any resulting interaction, a post-hoc test
was run by splitting the sample by sex and running a GLM for each
significant cluster, with GMV in each cluster as the dependent vari-
able, the relevant psychopathology symptom subscale (hyperactiv-
ity/inattention) as the covariate of interest and site, handedness, age,
puberty, SES, TIV and the remaining three psychopathology symp-
tom subscales as covariates. To test if an interaction effect was also
global, not just regional, a second post-hoc test used an analogous
GLM on the whole sample using whole-brain GMV as the depend-
ent variable and sex-by-hyperactivity/inattention as the covariate of
interest. A third post-hoc test investigated whether the sex-by-
hyperactivity/inattention GMV interaction within the significant
clusters remained significant evenwhen covarying for an additional
measure of brain volume, normalised brain volume, corresponding
to the sum of the volumes of grey and white matter, divided by TIV.
See Supplementary materials for post-hoc test details.
Finally, a secondary analysis was carried out to investigate sex
differences within each of the four subscale symptoms scores and
test if, as expected from the literature, the externalizing symptoms
subscale scores (hyperactivity/inattention, conduct) and internal-
izing symptoms subscale scores (emotional, peer problems) were
higher in boys and girls, respectively. This was achieved using
Fig. 1. Distribution of covariates. The pyramid plots show the distribution of puberty score, TIV, SES and age split by sex (girls, N = 801 in grey; boys, N = 725 in
black). Means, standard deviation (S.D.), median, observed minimum and maximum are presented for each raw (non-residualised) covariate. Handedness (not illu-
strated) was 89.4% right and 10.6% left/ambidextrous for girls and, 85.8% right and 14.2% left/ambidextrous for boys. Additional plots using the maximum avail-
able cases for behavioural data (N = 2046) can be found in online Supplementary Fig. S1.
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four, Bonferroni-corrected, GLMs with the relevant subscale score
as the dependent variable, sex as the covariate of interest and site,
handedness, age, puberty, SES, TIV and the remaining three sub-
scale scores as covariates. GLMs that yielded null findings were
supplemented with Bayesian linear regressions to quantify the
probability of the null finding. A Bayesian framework is different
from a frequentist ( p value-oriented) approach. The former uses
observed data to calculate probability estimates for different
hypotheses, reflecting which of these has higher or lower credibil-
ity (Van Den Bergh et al., 2020). Bayes factors (BF) were calcu-
lated using the ‘lmBF’ function with default settings from the
BayesFactor package (Morey & Rouder, 2018) in R (R Core
Team, 2019). The Bayes quotient, which allows to make an infer-
ence on the relative importance of a covariate, was calculated by
dividing the BF of a full model (all covariates) by the BF of a
reduced model (all covariates minus sex).
Results
We report a sex-by-psychopathology interaction in GMV with
hyperactivity/inattention problems in four brain clusters: (i) a
right cluster including the superior temporal gyrus and extending
to the supramarginal, inferior parietal Heschl gyrus, and rolandic
operculum; (ii) a frontal medial cluster including the bilateral cin-
gulum anterior and extending to the mid-cingulum; (iii) a right
cluster involving the cerebellum, fusiform and the inferior tem-
poral gyrus; (iv) a left frontal cluster including the superior and
middle frontal gyri and extending to the precentral gyrus
(Table 1, Fig. 3, see online Supplementary Fig. S5 for the unthre-
sholded statistical map). We report two additional small, left clus-
ters; however, these did not survive correction for multiple
comparisons (experiment-wise) (Table 1). Excluding the other
psychopathology symptom subscales as covariates in the ana-
lysis did not change the overall pattern of our findings (online
Supplementary Tables S2, S3c, online Supplementary Fig. S4).
The GLMs using the remaining three psychopathological symp-
toms subscales (conduct, emotion and peer problems) did not
show any significant sex-by-psychopathology interactions in
GMV.
Post-hoc tests indicated that the associations between hyper-
activity/inattentive symptoms and GMV were negative for boys
(negative t-statistics with a Cohen’s d ranging from d =−0.20 to
d =−0.27), positive for girls (positive t-statistics, d = 0.13 to d =
0.19) and the directions of these associations were significant
for all clusters ( p < 0.05) except for two clusters for girls, the
fusiform-cerebellar and cingulum, which were at borderline sig-
nificance (Fig. 4). The second post-hoc test revealed that
sex-by-hyperactivity was significantly associated with whole-brain
GMV (β =−0.86, p = 0.0025, d = −0.16). The third post-hoc test
showed that sex-by-hyperactivity/inattention interaction in
GMV within the significant clusters remained significant even
when covarying for normalised brain volume (β =−6.22, p =
6.27 × 10−10, d =−0.32). The latter result suggests that the main
findings at the voxel-level were sufficiently robust, surviving add-
itional brain volume correction.
The secondary analysis, which tested sex differences in each
psychopathological symptoms subscale, revealed that conduct
problems (β = 0.13, r = 0.12, d = 0.24, padj = 1.20 × 10
−5) and
peer problems were significantly higher in boys (β = 0.17, r =
0.15, d = 0.30, padj = 2.21 × 10
−8) compared to girls, whilst emo-
tional problems were higher in girls (β = −0.36, r = −0.33, d =
−0.69, padj = 6.15 × 10−39) compared to boys (Fig. 2). The hyper-
activity/inattention problems subscale did not show a significant
sex difference and using the maximum number of complete
Fig. 2. Distributions of the four psychopathological symptoms subscales of the SDQ. Pyramid plots are split by sex (girls, N = 801 in grey; boys, N = 725 in black).
Significant sex differences were found for conduct problems (higher in boys), emotional difficulties (higher in girls) and peer problems (higher in boys). The plots
show raw (non-residualised) versions of the variables. Full GLM details can be found in online Supplementary Table S3a. Additional variants of these plots and
analyses can be found in Supplementary materials (online Supplementary Fig. S2, online Supplementary Tables S3b–S3c).
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cases available for behavioural data and/or excluding psycho-
pathology subscales as covariates did not change the overall pat-
tern of our findings (online Supplementary Tables S3a–S3c). A
Bayesian version of the latter analysis revealed that the data are
5.73 times more likely under the reduced model (no sex), com-
pared to the full model. This suggests that sex is not a meaning-
ful predictor of hyperactivity/inattention whilst accounting for
the other covariates.
















R 42 57 −33 21 −4.68 6035 0.002 0.008** −0.24
2 Cingulum
anterior
L 24 −5 33 11 −3.5 4487 0.010 0.040* −0.18
3 Cerebellum
crus I
R 19 42 −78 −33 −3.9 4266 0.006 0.024* −0.20
4 Frontal
superior
L 32 −18 20 42 −4.97 1771 0.003 0.012* −0.26
5 Frontal
superior
L 32 −21 36 26 −4.02 74 0.022 0.088 −0.20
6 Frontal
middle
L 46 −23 45 11 −3.91 27 0.024 0.096 −0.20
This table shows the six brain clusters that resulted from a voxel-wise analysis with a TFCE approach, indicating sex-by-hyperactivity interactions in GMV which were statistically significant for
the first four clusters. In boys, a negative association between hyperactivity and inattentive symptoms and GMV was found in all four brain regions. In girls, the association was positive and
significantly so in the temporal superior and cerebellar-fusiform clusters (see Fig. 4 for post-hoc tests revealing the direction of these interactions). Unadjusted p values are corrected for the
FWE within the brain statistical map at an α = 0.05, adjusted p values are additionally corrected for experiment-wise multiple comparisons across the four subscales using Bonferroni
correction. The adjusted p values that are statistically significant are marked with ** ( p < 0.01) and * ( p < 0.05). Anatomical descriptions were achieved using the AAL (Anatomical Automatic
Labelling) and BA (Brodmann Area) atlases provided in MRIcron v.2016 (www.nitrc.org/projects/mricron) (Rorden, Karnath, & Bonilha, 2007). For additional details see the ‘Results’ section. k
= cluster size; degrees of freedom (df) = 1507; p value (2-tailed) with α = 0.05.
Fig. 3. Sex-by-hyperactivity/inattention interaction in GMV. The image illustrates coronal (top row), axial (middle row) and sagittal slices (bottom row) with coloured
maps representing binary maps for the four statistically significant clusters indicating a negative association between GMV and symptom scores of hyperactivity/
inattention in boys, and a positive association in girls for the temporoparietal-opercular and fusiform and cerebellar clusters. Green = cluster 1, right
temporoparietal-opercular region; pink = cluster 2, cingulum; blue = cluster 3, right fusiform and cerebellum; red = cluster 4, frontal superior. For detailed anatom-
ical descriptions, refer to Table 2 and the ‘Results’ section. For an unthresholded map and non-significant clusters, see Supplementary materials (online
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Discussion
We investigated the neural correlates of sex differences of com-
mon psychopathological symptoms in 14-year-old adolescents.
For the first time, using a whole-brain approach within a
large-scale, sex-balanced, community-based sample, we found a
sex-by-psychopathology interaction effect. This main finding
indicated a negative association between GMV in four brain
regions and hyperactivity/inattention symptoms in boys, and a
positive association in two out of these four regions in girls. A sec-
ondary set of findings includes sex differences in symptoms of
psychopathology, with higher scores for boys in conduct and
peer problems and higher scores for girls in emotional problems.
All results reflect associations with psychopathology symptoms
subscales that have been covaried out of the other three subscales.
Nonetheless, excluding these covariates in the analyses did not
change the overall pattern of our findings. The differences in
GMV that we report may reflect impaired processing in functions
associated with the affected brain regions, including the manifest-
ation of the observed hyperactive and inattentive symptoms.
However, our study does not permit making any direct brain–
behaviour links (Poldrack, 2011) and these GMV differences
may be due to other reasons, for example, as a consequence rather
than a cause of these symptoms. What follows are descriptions of
the behavioural relevance of our brain results and given the spars-
ity of sex-by-hyperactivity/inattention findings, we interpret these
with respect to the wider literature on attention-deficit hyperactiv-
ity disorder (ADHD).
The first brain cluster involved a right temporoparietal-
opercular region. Abnormalities in this region (amongst others)
have been previously reported in both structural neuroimaging stud-
ies on ADHD showing lower GMV (Kobel et al., 2010; Villemonteix
et al., 2015a), as well as functional neuroimaging studies on ADHD
showing decreased activation during attentional tasks (Hart, Radua,
Nakao, Mataix-Cols, & Rubia, 2013). One important function asso-
ciated with the temporoparietal-opercular region is attentional pro-
cessing (Corbetta & Shulman, 2002). Also, other studies have
previously linked abnormalities in this region to a reduced ability
to ignore distractors and detect salient stimuli (Kobel et al., 2010;
Rubia, Smith, Brammer, & Taylor, 2007) hence fitting with
Fig. 4. Direction of the sex-by-hyperactivity/inattention interaction in voxel-wise GMV. The scatterplots illustrate the residual of GMV on the y-axis for each one of
the four brain clusters showing a significant sex-by-hyperactivity/inattention interaction, and hyperactivity/inattention symptoms score on the x-axis, stratified by
sex (girls in filled red circles; boys in empty blue triangles). At the top and right side of each scatterplot are density plots illustrating the distribution of hyperactiv-
ity/inattention symptoms score and standardised residuals, respectively. For boys, there was a negative association between hyperactivity/inattention symptoms
and GMV in all four brain regions (negative t-values, p < 0.05). For girls, this association was positive but statistically significant for only the
temporoparietal-opercular and frontal superior clusters (positive t values, p < 0.05). The standardised residuals were calculated using a GLM with GMV at each
cluster as the dependent variable and sex, site, handedness, age, puberty, SES, TIV, conduct, peer and emotion problems as covariates.
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symptoms of inattention. Another function associated with this
region is secondary sensorimotor processing, whereby sensory (e.g.
tactile) stimuli are integrated with cognitive control (Chen et al.,
2008), which are also disrupted in ADHD (McLeod, Langevin,
Goodyear, & Dewey, 2014). Of note, this result corroborates findings
from healthy brain development that indicate less GMV in this brain
region (amongst others), in boys when compared to girls (Ruigrok
et al., 2014). This may suggest the possibility of an ‘extreme male
brain’ developmental trajectory playing a part in explaining our find-
ing (Baron-Cohen et al., 2011) such that biological ‘maleness’ (e.g.
exposure to foetal testosterone, expression of the Y chromosome)
may lead to structural differences (e.g. via decreased GMV in the
temporoparietal-opercular region), which in turn increases the risk
of exhibiting certain, in this case, inattentive and hyperactive beha-
viours. However, our findings are insufficient to add weight to this
hypothesis and further investigations are warranted.
The second cluster involved the anterior and mid-cingulum.
Core abnormalities in the cingulum have been previously reported
for individuals with ADHD (Bonath, Tegelbeckers, Wilke,
Flechtner, & Krauel, 2018; Bralten et al., 2016; Bush et al., 1999;
Dirlikov et al., 2015; Frodl & Skokauskas, 2012; Liddle et al.,
2011; McLeod et al., 2014) including a sex-by-ADHD interaction
in boys (Villemonteix et al., 2015b). Recent developments suggest
that the cingulum is a key component in a distributed network in
decision making and high-level control of action (Heilbronner &
Hayden, 2016; Hunt & Hayden, 2017) including monitoring (e.g.
error monitoring), controlling (e.g. response selection and motor
control) and evaluating value. Hence, disruption of these high-level
operations is consistent with the attentional and impulsive impair-
ments of ADHD (Bush et al., 1999). We further note that together,
the anterior cingulum and the right temporoparietal-opercular
region, in particular the insula, overlap with the salience network,
which is associated with the ability to detect salient stimuli and to
task engagement (Menon & Uddin, 2010). This network has been
previously found to be abnormal in participants with ADHD
(Rubia et al., 2007, 2009).
The third cluster includes the right cerebellum and right fusi-
form gyrus. Abnormalities in these regions have been widely
implicated in the impairments of motor and cognitive control,
attention and timing in ADHD (Bonath et al., 2018; Castellanos
& Proal, 2012; del Campo, Müller, & Sahakian, 2012; Giedd,
Blumenthal, Molloy, & Castellanos, 2001; Hart et al., 2013;
Noreika, Falter, & Rubia, 2013; Valera, Faraone, Murray, &
Seidman, 2007). In particular, abnormal activities in the cerebel-
lum and fusiform (Hart et al., 2013; Rubia et al., 2009; Valera
et al., 2010) have been linked to compensatory attentional activity
in ADHD (Hart et al., 2013; Rubia et al., 2009). One possibility is
that lower GMV in visual processing areas, such as the fusiform,
may reflect deficient modulations of the visual system, for
example, by decreased top-down influence on perceptual
processes (Sigi Hale et al., 2014; Yalachkov, Kaiser, & Naumer,
2010).
The fourth cluster involved the left middle and superior parts
of the frontal gyrus extending to the precentral gyrus. This region
is important for higher-order functions, the so-called executive
functions, particularly in controlling behaviour in the context of
conflicting stimuli, such as the Stroop task (Egner & Hirsch,
2005; Mansouri, Tanaka, & Buckley, 2009) but also for controlling
more basic motor functions. In the ADHD literature, lower GM in
frontal lobes, including lateral and premotor regions, has been
previously reported (Castellanos & Proal, 2012; Dirlikov et al.,
2015; Jarczok, Haase, Bluschke, Thiemann, & Bender, 2019;
Kumar, Arya, & Agarwal, 2017; Mostofsky, Cooper, Kates,
Denckla, & Kaufmann, 2002; Seidman et al., 2006). Both execu-
tive dysfunction and impairments in motor response inhibition
are relevant to symptoms of inattention and hyperactivity and
core deficits in ADHD (Castellanos & Proal, 2012; Rubia,
Smith, & Taylor, 2007; Sergeant, Geurts, Huijbregts, Scheres, &
Oosterlaan, 2003).
Our findings have both novel and common aspects of previous
research. To the best of our knowledge, there are only three stud-
ies on sex-by-ADHD interactions in the brain that have used
whole-brain approaches. The first study did not report any
sex-by-ADHD interactions at all (Castellanos et al., 2002). The
second study was small (N = 33) (Villemonteix et al., 2015b)
and is closest to our findings, reporting a sex-by-ADHD inter-
action indicating lower GMV in the cingulum for boys (which
we replicate) and also higher GMV in the same region in girls
(which emerged as a trend in our results). The third study (Wu
et al., 2019) was a multimodal analysis whereby a complex
sex-by-ADHD interaction was reported showing, among other
neuroimaging measures, higher GMV in frontal areas and lower
GMV in posterior brain regions, for girls with ADHD compared
to controls (girls), but the reverse for boys with ADHD compared
to controls (boys). However, this study was limited given it only
had nine female participants with ADHD. ROI approaches to
sex-by-ADHD interactions are also sparse and show limited con-
vergence with our results. For example, Dirlikov et al. (2015)
report lower surface area in precentral regions for boys (like us,
although we looked at volume, not surface area), but not for
girls for whom they found lower surface area in the prefrontal
cortex (whilst we found higher GMV in the left frontal gyrus).
However, unlike some other studies, we do not find any subcor-
tical abnormalities (Qiu et al., 2009; Seymour et al., 2017; Wang
et al., 2018). Nor did we detect any significant negative
sex-by-ADHD interactions for girls (Dirlikov et al., 2015;
Mahone et al., 2011). Overall, the four brain clusters fall within
a subset of brain regions that have been previously associated
with ADHD studies, which did not test for sex differences pos-
sibly because most participants in these studies were male
(Frodl & Skokauskas, 2012; Kaczkurkin et al., 2019; Kumar
et al., 2017; Valera et al., 2010). The effect sizes we report are
small (Cohen’s d of −0.18 to −0.26) but comparable and nomin-
ally larger than mega-studies on structural brain differences in
ADHD (Boedhoe et al., 2020; Hoogman et al., 2017).
Our secondary analyses revealed sex differences at the
phenotypic-symptom level. Conduct problems (externalizing)
were higher in boys and emotional difficulties (internalizing)
higher in girls. These results are congruent with the existing litera-
ture indicating that externalizing disorders are more frequent in
boys and internalizing disorders are more frequent in girls
(Becker et al., 2018; Carragher et al., 2016; Martel, 2013; Rutter
et al., 2003). However, the remaining two psychopathology sub-
scale scores did not replicate in a similar way. We expected peer
relationship problems (internalizing) to be either the same across
sexes (Becker et al., 2018) or higher in girls (Goodman et al.,
2010) but instead found they were higher in boys. Furthermore,
we found no sex differences for hyperactivity/inattention symp-
toms (externalizing). One possibility is that these unexpected
results may be due to specific study characteristics (e.g. sample
type, measures used). Whilst null findings do not imply an
absence of effect and should be interpreted with caution, a
Bayesian version of this analysis supported this null finding
and, other studies using similar study characteristics also failed
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to detect sex differences in behavioural hyperactivity/inattention
symptoms (Becker et al., 2018; Lundh, Wangby-Lundh, &
Bjärehed, 2008). Similar to these two studies, we used the self-
rated version of the SDQ hyperactivity/inattention measure,
which does not correlate highly with the parent-rated version
(Du Rietz et al., 2017). In addition, our results show a normalised
(rather than a right-skewed) distribution for hyperactivity/
inattention symptoms. The Lundh et al. (2008) study, which
like ours is also a community-based sample, reports almost iden-
tical statistics to ours (means and standard deviations) for the
hyperactivity/inattention subscale (although we cannot comment
on the shape of the distribution as it is not included in their
report). Considering the unexpected direction of the peer pro-
blems result and failure to detect any difference in the hyperactiv-
ity/inattention symptoms similar to the Lundh et al. (2008) and
Becker et al. (2018) studies, this may suggest that a sex-related
externalizing–internalizing dichotomy may not be so clear-cut.
Clinical implications
Clinically, our findings have two impacts. First, they inform the
clinician that there are biological differences across the sexes in
terms of hyperactivity/inattention symptoms. Second, they pro-
vide a lead to translational research. This includes research
aimed at intervention practices, for example, pharmacological
treatment as well as research on biomarkers of hyperactivity/
inattention specific to boys and girls. A biomarker would aid
the stratification of inattentive and hyperactive type of disorders
by including a more objective biological-based approach instead
of one only based on behavioural symptoms (Abi-Dargham &
Horga, 2016). In addition, our findings are key to research
aimed at uncovering mechanistic accounts of how psychopatho-
logical symptoms differ across sex and, in particular, as they do
so along a continuum of psychopathology. Given that the
assumptions for case–control designs are imperfect (e.g. well-
defined grouping of cases v. controls, Marquand et al., 2016),
investigating symptoms using a dimensional approach that
spans from healthy to unhealthy is important as it is more repre-
sentative of the manifestation of symptoms in the general popu-
lation (Kaczkurkin et al., 2019).
Limitations
Sex information was limited to biological sex and did not
include any gender information, potentially limiting the inter-
pretability of the results (Krieger, 2003). Also, our non-clinical
sample, having sparser psychopathology than a clinical sample,
may not show sex-by-psychopathology interactions that other
studies report (Kong et al., 2013; Smaragdi et al., 2017). In
turn, sparser psychopathology makes it reasonable to assume
that the presence of current treatment is minimal, which is
advantageous, as it minimises additional confounds. However,
data on medication were unavailable, hence this study cannot
exclude any treatment effects on observed results (Frodl &
Skokauskas, 2012; Villemonteix et al., 2015a). Furthermore,
the failure to detect other sex-by-internalizing symptoms inter-
action effects in GMV may be, in part, due to these appearing
later in adolescence. Finally, the brain regions reported in this
study are likely important for a large number of behavioural
and cognitive functions that go beyond the ones discussed
and that may vary in degree of relevance to hyperactivity and
inattention.
Conclusion
The brain regions we have identified via a sex-by-hyperactivity/
inattention interaction effect are the first to be reported from a
large, sex-balanced and community-based sample, using an
exploratory whole-brain VBM approach. These study characteris-
tics make our study not only powered to confirm previous find-
ings but also to explore new ones and, within a sample that is
more representative of the distribution of psychopathological
symptoms in the general population. By addressing these com-
mon issues of previous studies, our results are valuable as they
offer a reliable reference on sex-by-psychopathology interactions
in GMV. Overall, these findings provide important leads for
future research on mechanistic accounts of psychopathology
and their sex-biases that are crucial to the advancement of
improved targeted early interventions.
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be found at https://doi.org/10.1017/S0033291720005140.
Acknowledgements. This work received support from the following sources:
the European Union-funded FP6 Integrated Project IMAGEN (Reinforcement-
related behaviour in normal brain function and psychopathology) (LSHM-
CT-2007-037286), the Horizon 2020 funded ERC Advanced Grant ‘STRATIFY’
(Brain network-based stratification of reinforcement-related disorders)
(695313), ERANID (Understanding the Interplay between Cultural, Biological
and Subjective Factors in Drug Use Pathways) (PR-ST-0416-10004), BRIDGET
(JPND: BRain Imaging, cognition Dementia and next generation GEnomics)
(MR/N027558/1), Human Brain Project (HBP SGA 2, 785907), the FP7 project
MATRICS (603016), the Medical Research Council Grant ‘c-VEDA’
(Consortium on Vulnerability to Externalizing Disorders and Addictions) (MR/
N000390/1), the National Institute for Health Research (NIHR) Biomedical
Research Centre at South London and Maudsley NHS Foundation Trust and
King’s College London, the Bundesministeriumfür Bildung und Forschung
(BMBF grants 01GS08152; 01EV0711; Forschungsnetz AERIAL 01EE1406A,
01EE1406B), the Deutsche Forschungsgemeinschaft (DFG grants SM 80/7-2,
SFB 940, TRR 265, NE 1383/14-1), the Medical Research Foundation and
Medical Research Council (grants MR/R00465X/1 and MR/S020306/1), the
National Institutes of Health (NIH) funded ENIGMA (grants 5U54EB020403-
05 and 1R56AG058854-01). Further support was provided by grants from: the
ANR (ANR-12-SAMA-0004, AAPG2019 – GeBra), the Eranet Neuron
(AF12-NEUR0008-01 – WM2NA; and ANR-18-NEUR00002-01 – ADORe),
the Fondation de France (00081242), the Fondation pour la Recherche Médicale
(DPA20140629802), the Mission Interministérielle de Lutte-contre-les-Drogues-
et-les-Conduites-Addictives (MILDECA), the Assistance-Publique-Hôpitaux-
de-Paris and INSERM (interface grant), Paris Sud University IDEX 2012, the
Fondation de l’Avenir (grant AP-RM-17-013), the Fédération pour la Recherche
sur le Cerveau; the National Institutes of Health, Science Foundation Ireland
(16/ERCD/3797), USA (Axon, Testosterone and Mental Health during
Adolescence; RO1 MH085772-01A1), and by NIH Consortium grant U54
EB020403, supported by a cross-NIH alliance that funds Big Data to Knowledge
Centres of Excellence.
Conflict of interest. Dr Banaschewski has served as an advisor to Lundbeck,
Medice, Neurim Pharmaceuticals, Oberberg GmbH, Shire and Infectopharm.
He received conference support or speaker’s fee from Lilly, Medice and Shire;
he received royalties from Hogrefe, Kohlhammer, CIP Medien, Oxford
University Press; the present work is unrelated to these relationships. Dr
Walter received a speaker honorarium from Servier (2014). The other authors
report no potential conflicts of interest.
1Department of Neuroimaging, Institute of Psychiatry, Psychology &
Neuroscience, King’s College London, UK2Centre for Population Neuroscience
and Stratified Medicine (PONS) and Social, Genetic and Developmental
Psychiatry Centre, Institute of Psychiatry, Psychology & Neuroscience, King’s
College London, UK3Swedish National Board of Health and Welfare,
Socialstyrelsen, Stockholm, Sweden4Institute of Science and Technology for
8 Francesca Biondo et al.
https://doi.org/10.1017/S0033291720005140
Downloaded from https://www.cambridge.org/core. IP address: 81.98.116.6, on 17 Jun 2021 at 14:06:39, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
Brain-Inspired Intelligence, Fudan University, Shanghai, China5Key Laboratory
of Computational Neuroscience and Brain-inspired Intelligence, Fudan
University, Ministry of Education, China6Department of Child and Adolescent
Psychiatry and Psychotherapy, Central Institute of Mental Health, Medical
Faculty Mannheim, Heidelberg University, Mannheim, Germany7Discipline of
Psychiatry, School of Medicine and Trinity College Institute of Neuroscience,
Trinity College Dublin, Dublin, Ireland8University Medical Centre Hamburg-
Eppendorf, Germany9Department of Cognitive and Clinical Neuroscience,
Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg
University, Mannheim, Germany10Department of Psychology, School of Social
Sciences, University of Mannheim, Germany11NeuroSpin, CEA, Université Paris-
Saclay, Gif-sur-Yvette, France12Departments of Psychiatry and Psychology,
University of Vermont, USA13Sir Peter Mansfield Imaging Centre School of
Physics and Astronomy, University of Nottingham, UK14Department of
Psychiatry and Psychotherapy, Campus Charité Mitte, Charité,
Universitätsmedizin Berlin, Germany15Physikalisch-Technische Bundesanstalt,
Braunschweig and Berlin, Germany16Institut National de la Santé et de la
Recherche Médicale, INSERM U A10 ‘Trajectoires développementales en
psychiatrie’, Université Paris-Saclay, Ecole Normale supérieure Paris-Saclay,
CNRS, Centre Borelli, Gif sur Yvette, France17Groupe d’Imagerie
Neurofonctionnelle, Institut des Maladies Neurodégénératives, CNRS UMR 5293,
Université de Bordeaux, Centre Broca Nouvelle-Aquitaine, Bordeaux,
France18Institute of Medical Psychology and Medical Sociology, University
Medical Center Schleswig Holstein, Kiel University, Kiel, Germany19Department
of Child and Adolescent Psychiatry and Psychotherapy, University Medical
Centre Göttingen, Germany20Department of Psychiatry and Neuroimaging
Center, Technische Universität Dresden, Germany21School of Psychology and
Global Brain Health Institute, Trinity College Dublin, Ireland22Department of
Psychology, Institute of Psychiatry, Psychology & Neuroscience, King’s College
London, UK23PONS Research Group, Department of Psychiatry and
Psychotherapy, Campus Charite Mitte, Humboldt University, Berlin and Leibniz
Institute for Neurobiology, Magdeburg, Germany, and Institute for Science and
Technology of Brain-inspired Intelligence (ISTBI), Fudan University, Shanghai,
P.R. China
References
Abi-Dargham, A., & Horga, G. (2016). The search for imaging biomarkers in
psychiatric disorders. Nature Medicine, 22(11), 1248–1255. doi: 10.1038/
nm.4190.
Ashburner, J. (2007). A fast diffeomorphic image registration algorithm.
NeuroImage, 38(1), 95–113. doi: 10.1016/j.neuroimage.2007.07.007.
Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry – the meth-
ods. NeuroImage, 11(6), 805–821. doi: 10.1006/nimg.2000.0582.
Ashburner, J., & Friston, K. J. (2005). Unified segmentation. NeuroImage, 26
(3), 839–851. doi: 10.1016/j.neuroimage.2005.02.018.
Baron-Cohen, S., Lombardo, M. V., Auyeung, B., Ashwin, E., Chakrabarti, B.,
& Knickmeyer, R. (2011). Why are autism spectrum conditions more preva-
lent in males? PLoS Biology, 9(6), 1–10. doi: 10.1371/journal.pbio.1001081.
Becker, A., Wang, B., Kunze, B., Otto, C., Schlack, R., Hölling, H., …
Rothenberger, A. (2018). Normative data of the self-report version of the
German strengths and difficulties questionnaire in an epidemiological set-
ting. Zeitschrift fur Kinder- und Jugendpsychiatrie und Psychotherapie, 46
(6), 523–533. doi: 10.1024/1422-4917/a000589.
Boedhoe, P. S. W., van Rooij, D., Hoogman, M., Twisk, J. W. R., Schmaal, L.,
Abe, Y.,… van den Heuvel, O. A. (2020). Subcortical brain volume, regional
cortical thickness, and cortical surface area across disorders: Findings from
the ENIGMA ADHD, ASD, and OCD working groups. American Journal of
Psychiatry, 177(9), 834–843. doi: 10.1176/appi.ajp.2020.19030331.
Bonath, B., Tegelbeckers, J., Wilke, M., Flechtner, H. H., & Krauel, K. (2018).
Regional gray matter volume differences between adolescents with ADHD
and typically developing controls: Further evidence for anterior cingulate
involvement. Journal of Attention Disorders, 22(7), 627–638. doi: 10.1177/
1087054715619682.
Bralten, J., Greven, C. U., Franke, B., Mennes, M., Zwiers, M. P., Rommelse,
N. N. J., … Buitelaar, J. K. (2016). Voxel-based morphometry analysis
reveals frontal brain differences in participants with ADHD and their
unaffected siblings. Journal of Psychiatry & Neuroscience, 41(4), 272–279.
doi: 10.1503/jpn.140377.
Bush, G., Frazier, J. A., Rauch, S. L., Seidman, L. J., Whalen, P. J., Jenike, M. A.,
… Biederman, J. (1999). Anterior cingulate cortex dysfunction in attention-
deficit/hyperactivity disorder revealed by fMRI and the Counting Stroop.
Biological Psychiatry, 45(12), 1542–1552. doi: 10.1016/S0006-3223(99)00083-9.
Carragher, N., Teesson, M., Sunderland, M., Newton, N. C., Krueger, R. F.,
Conrod, P. J., … Slade, T. (2016). The structure of adolescent psychopath-
ology: A symptom-level analysis. Psychological Medicine, 46(5), 981–994.
doi: 10.1017/S0033291715002470.
Castellanos, F. X., Lee, P. P., Sharp,W., Jeffries, N. O., Greenstein, D., Clasen, L. S.,
…Rapoport, J. L. (2002).Developmental trajectoriesofbrainvolumeabnormal-
ities in children and adolescents with attention-deficit/hyperactivity disorder.
JAMA, 288(14), 1740–1748. doi: 10.1001/jama.288.14.1740.
Castellanos, F. X., & Proal, E. (2012). Large-scale brain systems in ADHD:
Beyond the prefrontal–striatal model. Trends in Cognitive Sciences, 16(1),
17–26. doi: 10.1016/j.tics.2011.11.007.
Chen, T. L., Babiloni, C., Ferretti, A., Perrucci, M. G., Romani, G. L., Rossini,
P. M., … Del Gratta, C. (2008). Human secondary somatosensory cortex
is involved in the processing of somatosensory rare stimuli: An fMRI
study. NeuroImage, 40(4), 1765–1771. doi: 10.1016/j.neuroimage.2008.
01.020.
Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-
driven attention in the brain. Nature Reviews Neuroscience, 3(3), 201–215.
doi: 10.1038/nrn755.
del Campo, N., Müller, U., & Sahakian, B. J. (2012). Neural and behavioral
endophenotypes in ADHD. In C. S. Carter & J. W. Dalley (Eds.), Brain
imaging in behavioral neuroscience (pp. 65–91). Berlin, Heidelberg:
Springer Berlin Heidelberg. doi:10.1007/7854_2012_200.
Dirlikov, B., Shiels Rosch, K., Crocetti, D., Denckla, M. B., Mahone, E. M., &
Mostofsky, S. H. (2015). Distinct frontal lobe morphology in girls and
boys with ADHD. NeuroImage: Clinical, 7, 222–229. doi: 10.1016/
j.nicl.2014.12.010.
Du Rietz, E., Kuja-Halkola, R., Brikell, I., Jangmo, A., Sariaslan, A.,
Lichtenstein, P., … Larsson, H. (2017). Predictive validity of parent- and
self-rated ADHD symptoms in adolescence on adverse socioeconomic
and health outcomes. European Child & Adolescent Psychiatry, 26(7),
857–867. doi: 10.1007/s00787-017-0957-3.
Egger, H. L., & Angold, A. (2006). Common emotional and behavioral disor-
ders in preschool children: Presentation, nosology, and epidemiology.
Journal of Child Psychology and Psychiatry and Allied Disciplines, 47(3–4),
313–337. doi: 10.1111/j.1469-7610.2006.01618.x.
Egner, T., & Hirsch, J. (2005). The neural correlates and functional integration
of cognitive control in a Stroop task. NeuroImage, 24(2), 539–547. doi:
10.1016/j.neuroimage.2004.09.007.
Eklund, A., Nichols, T., & Knutsson, H. (2016). Cluster failure: Why fMRI
inferences for spatial extent have inflated false-positive rates. Proceedings
of the National Academy of Sciences of the USA, 113(28), 7900–7905. doi:
10.1073/pnas.1602413113.
Frere, P. B., Vetter, N. C., Artiges, E., Filippi, I., Miranda, R., Vulser, H., …
Lemaître, H. (2020). Sex effects on structural maturation of the limbic sys-
tem and outcomes on emotional regulation during adolescence.
NeuroImage, 210, 116441. doi: 10.1016/j.neuroimage.2019.116441.
Frodl, T., & Skokauskas, N. (2012). Meta-analysis of structural MRI studies in
children and adults with attention deficit hyperactivity disorder indicates
treatment effects. Acta Psychiatrica Scandinavica, 125(2), 114–126. doi:
10.1111/j.1600-0447.2011.01786.x.
Giedd, J. N., Blumenthal, J.,Molloy, E., &Castellanos, F. X. (2001). Brain imaging
of attention deficit/hyperactivity disorder.Annals of theNewYorkAcademyof
Sciences, 931, 33. doi: 10.1111/j.1749-6632.2001.tb05772.x.
Giedd, J. N., Castellanos, F. X., Rajapakse, J. C., Vaituzis, A. C., & Rapoport, J. L.
(1997). Sexual dimorphism of the developing human brain. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 21(8), 1185–1201.
doi: 10.1016/S0278-5846(97)00158-9.
Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata,
L. B., … Etkin, A. (2015). Identification of a common neurobiological sub-




Downloaded from https://www.cambridge.org/core. IP address: 81.98.116.6, on 17 Jun 2021 at 14:06:39, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
Goodman, R. (1997). The strengths and difficulties questionnaire: A research
note. Journal of Child Psychology and Psychiatry and Allied Disciplines, 38
(5), 581–586. doi: 10.1111/j.1469-7610.1997.tb01545.x.
Goodman, R., Ford, T., Richards, H., Gatward, R., & Meltzer, H. (2000). The
development and well-being assessment: Description and initial validation
of an integrated assessment of child and adolescent psychopathology.
Journal of Child Psychology and Psychiatry and Allied Disciplines, 41(5),
645–655. doi: 10.1017/S0021963099005909.
Goodman, A., Lamping, D. L., & Ploubidis, G. B. (2010). When to use broader
internalising and externalising subscales instead of the hypothesised five
subscales on the strengths and difficulties questionnaire (SDQ): Data
from British parents, teachers and children. Journal of Abnormal Child
Psychology, 38(8), 1179–1191. doi: 10.1007/s10802-010-9434-x.
Gore, F. M., Bloem, P. J. N., Patton, G. C., Ferguson, J., Joseph, V., Coffey, C.,
… Mathers, C. D. (2011). Global burden of disease in young people aged
10–24 years: A systematic analysis. The Lancet, 377(9783), 2093–2102.
doi: 10.1016/S0140-6736(11)60512-6.
Hart, H., Radua, J., Nakao, T., Mataix-Cols, D., & Rubia, K. (2013).
Meta-analysis of functional magnetic resonance imaging studies of inhib-
ition and attention in attention-deficit/hyperactivity disorder: Exploring
task-specific, stimulant medication, and age effects. JAMA Psychiatry, 70
(2), 185–198. doi: 10.1001/jamapsychiatry.2013.277.
Heilbronner, S. R., & Hayden, B. Y. (2016). Dorsal anterior cingulate cortex: A
bottom-up view. Annual Review of Neuroscience, 39, 149–170. doi: 10.1146/
annurev-neuro-070815-013952.
Hoogman, M., Bralten, J., Hibar, D. P., Mennes, M., Zwiers, M. P., Schweren,
L. S. J., … Franke, B. (2017). Subcortical brain volume differences in parti-
cipants with attention deficit hyperactivity disorder in children and adults:
A cross-sectional mega-analysis. The Lancet Psychiatry, 4(4), 310–319. doi:
10.1016/S2215-0366(17)30049-4.
Hunt, L. T., & Hayden, B. Y. (2017). A distributed, hierarchical and recurrent
framework for reward-based choice. Nature Reviews Neuroscience, 18(3),
172–182. doi: 10.1038/nrn.2017.7.
Jarczok, T. A., Haase, R., Bluschke, A., Thiemann, U., & Bender, S. (2019).
Bereitschaftspotential and lateralized readiness potential in children with
attention deficit hyperactivity disorder: Altered motor system activation
and effects of methylphenidate. European Neuropsychopharmacology, 29
(8), 960–970. doi: 10.1016/j.euroneuro.2019.05.003.
Kaczkurkin, A. N., Raznahan, A., & Satterthwaite, T. D. (2019). Sex differences
in the developing brain: Insights from multimodal neuroimaging.
Neuropsychopharmacology, 44(1), 71–85. doi: 10.1038/s41386-018-0111-z.
Kessler, R. C., Amminger, G. P., Aguilar-Gaxiola, S., Alonso, J., Lee, S., &
Üstün, T. B. (2007). Age of onset of mental disorders: A review of recent
literature. Current Opinion in Psychiatry, 20(4), 359–364. doi: 10.1097/
YCO.0b013e32816ebc8c.
Klein, M., Onnink, M., van Donkelaar, M., Wolfers, T., Harich, B., Shi, Y., …
Franke, B. (2017). Brain imaging genetics in ADHD and beyond – mapping
pathways from gene to disorder at different levels of complexity. Neuroscience
& Biobehavioral Reviews, 80, 115–155. doi: 10.1016/j.neubiorev.2017.01.013.
Kobel, M., Bechtel, N., Specht, K., Klarhöfer, M., Weber, P., Scheffler, K., …
Penner, I. K. (2010). Structural and functional imaging approaches in atten-
tion deficit/hyperactivity disorder: Does the temporal lobe play a key role?
Psychiatry Research – Neuroimaging, 183(3), 230–236. doi: 10.1016/
j.pscychresns.2010.03.010.
Kong, L., Chen, K., Womer, F., Jiang, W., Luo, X., Driesen, N., … Wang, F.
(2013). Sex differences of gray matter morphology in cortico-limbic-striatal
neural system in major depressive disorder. Journal of Psychiatric Research,
47(6), 733–739. doi: 10.1016/j.jpsychires.2013.02.003.
Krieger, N. (2003). Genders, sexes, and health: What are the connections and
why does it matter? International Journal of Epidemiology, 32(4), 652–657.
doi: 10.1093/ije/dyg156.
Kumar, U., Arya, A., & Agarwal, V. (2017). Neural alterations in ADHD chil-
dren as indicated by voxel-based cortical thickness and morphometry ana-
lysis. Brain and Development, 39(5), 403–410. doi: 10.1016/
j.braindev.2016.12.002.
Lenroot, R. K., Gogtay, N., Greenstein, D. K., Wells, E. M., Wallace, G. L.,
Clasen, L. S., … Giedd, J. N. (2007). Sexual dimorphism of brain
developmental trajectories during childhood and adolescence.
NeuroImage, 36(4), 1065–1073. doi: 10.1016/j.neuroimage.2007.03.053.
Liddle, E. B., Hollis, C., Batty, M. J., Groom, M. J., Totman, J. J., Liotti, M., …
Liddle, P. F. (2011). Task-related default mode network modulation and
inhibitory control in ADHD: Effects of motivation and methylphenidate.
Journal of Child Psychology and Psychiatry and Allied Disciplines, 52(7),
761–771. doi: 10.1111/j.1469-7610.2010.02333.x.
Lundh, L. G., Wangby-Lundh, M., & Bjärehed, J. (2008). Self-reported emo-
tional and behavioral problems in Swedish 14 to 15-year-old adolescents:
A study with the self-report version of the strengths and difficulties ques-
tionnaire. Scandinavian Journal of Psychology, 49(6), 523–532. doi:
10.1111/j.1467-9450.2008.00668.x.
Mahone, E. M., Ranta, M. E., Crocetti, D., O’Brien, J., Kaufmann, W. E.,
Denckla, M. B., & Mostofsky, S. H. (2011). Comprehensive examination
of frontal regions in boys and girls with attention-deficit/hyperactivity dis-
order. Journal of the International Neuropsychological Society, 17(6), 1047–
1057. doi: 10.1017/S1355617711001056.
Mansouri, F. A., Tanaka, K., & Buckley, M. J. (2009). Conflict-induced behav-
ioural adjustment: A clue to the executive functions of the prefrontal cortex.
Nature Reviews Neuroscience, 10(2), 141–152. doi: 10.1038/nrn2538.
Marquand, A. F., Rezek, I., Buitelaar, J., & Beckmann, C. F. (2016).
Understanding heterogeneity in clinical cohorts using normative models:
Beyond case-control studies. Biological Psychiatry, 80(7), 552–561. doi:
10.1016/j.biopsych.2015.12.023.
Martel, M. M. (2013). Sexual selection and sex differences in the prevalence of
childhood externalizing and adolescent internalizing disorders.
Psychological Bulletin, 139(6), 1221–1259. doi: 10.1037/a0032247.
McLeod, K. R., Langevin, L. M., Goodyear, B. G., & Dewey, D. (2014).
Functional connectivity of neural motor networks is disrupted in children
with developmental coordination disorder and attention-deficit/hyperactiv-
ity disorder. NeuroImage: Clinical, 4, 566–575. doi: 10.1016/
j.nicl.2014.03.010.
Menon, V., & Uddin, L. Q. (2010). Saliency, switching, attention and control:
A network model of insula function. Brain Structure & Function, 214(5–6),
655–667. doi: 10.1007/s00429-010-0262-0.
Morey, R. D., & Rouder, J. N. (2018). BayesFactor: Computation of Bayes
Factors for common designs. R package version 0.9.12–4.2. Retrieved
from https://CRAN.R-project.org/package=BayesFactor.
Mostofsky, S. H., Cooper, K. L., Kates,W. R., Denckla,M. B., & Kaufmann,W. E.
(2002). Smaller prefrontal and premotor volumes in boys with attention-
deficit/hyperactivity disorder. Biological Psychiatry, 52(8), 785–794. doi:
10.1016/S0006-3223(02)01412-9.
Noreika, V., Falter, C. M., & Rubia, K. (2013). Timing deficits in attention-
deficit/hyperactivity disorder (ADHD): Evidence from neurocognitive and
neuroimaging studies. Neuropsychologia, 51(2), 235–266. doi: 10.1016/
j.neuropsychologia.2012.09.036.
Paus, T., Keshavan, M. S., & Giedd, J. N. (2008). Why do many psychiatric dis-
orders emerge during adolescence? Nature Reviews Neuroscience, 9(12),
947–957. doi: 10.1038/nrn2513.
Paus, T., Wong, A. P., Syme, C., & Pausova, Z. (2017). Sex differences in the
adolescent brain and body: Findings from the Saguenay youth study.
Journal of Neuroscience Research, 95, 362–370. doi: 10.1002/jnr.23825.
Petersen, A. C., Crockett, L., Richards, M., & Boxer, A. (1988). A self-report
measure of pubertal status: Reliability, validity, and initial norms. Journal
of Youth and Adolescence, 17(2), 117–133. doi: 10.1007/bf01537962.
Poldrack, R. A. (2011). Inferring mental states from neuroimaging data: From
reverse inference to large-scale decoding. Neuron, 72(5), 692–697. doi:
10.1016/j.neuron.2011.11.001.
Qiu, A., Crocetti, D., Adler, M., Mahone, E. M., Denckla, M. B., Miller, M. I., &
Mostofsky, S. H. (2009). Basal ganglia volume and shape in children with
attention deficit hyperactivity disorder. American Journal of Psychiatry,
166(1), 74–82. doi: 10.1176/appi.ajp.2008.08030426.
R Core Team (2019). R: A language and environment for statistical computing.
Vienna, Austria: R Core Team. Retrieved from https://www.R-project.org/.
Rorden, C., Karnath, H. O., & Bonilha, L. (2007). Improving lesion-symptom
mapping. Journal of Cognitive Neuroscience, 19(7), 1081–1088. doi: 10.1162/
jocn.2007.19.7.1081.
10 Francesca Biondo et al.
https://doi.org/10.1017/S0033291720005140
Downloaded from https://www.cambridge.org/core. IP address: 81.98.116.6, on 17 Jun 2021 at 14:06:39, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
Rubia, K., Halari, R., Cubillo, A., Mohammad, A. M., Brammer, M., &
Taylor, E. (2009). Methylphenidate normalises activation and functional
connectivity deficits in attention and motivation networks in medication-
naïve children with ADHD during a rewarded continuous performance
task. Neuropharmacology, 57(7–8), 640–652. doi: 10.1016/j.neuropharm.
2009.08.013.
Rubia, K., Smith, A. B., Brammer, M. J., & Taylor, E. (2007). Temporal lobe
dysfunction in medication-naïve boys with attention-deficit/hyperactivity
disorder during attention allocation and its relation to response variability.
Biological Psychiatry, 62(9), 999–1006. doi: 10.1016/j.biopsych.2007.02.024.
Rubia, K., Smith, A., & Taylor, E. (2007). Performance of children with
attention deficit hyperactivity disorder (ADHD) on a test battery of
impulsiveness. Child Neuropsychology, 13(3), 276–304. doi: 10.1080/
09297040600770761.
Ruigrok, A. N. V., Salimi-Khorshidi, G., Lai, M. C., Baron-Cohen, S.,
Lombardo, M. V., Tait, R. J., & Suckling, J. (2014). A meta-analysis of
sex differences in human brain structure. Neuroscience & Biobehavioral
Reviews, 39, 34–50. doi: 10.1016/j.neubiorev.2013.12.004.
Rutter, M., Caspi, A., & Moffitt, T. E. (2003). Using sex differences in psycho-
pathology to study causal mechanisms: Unifying issues and research strat-
egies. Journal of Child Psychology and Psychiatry and Allied Disciplines, 44
(8), 1092–1115. doi: 10.1111/1469-7610.00194.
Schumann, G., Loth, E., Banaschewski, T., Barbot, A., Barker, G., Büchel, C.,
… Struve, M. (2010). The IMAGEN study: Reinforcement-related behav-
iour in normal brain function and psychopathology. Molecular Psychiatry,
15(12), 1128–1139. doi: 10.1038/mp.2010.4.
Seidman, L. J., Valera, E. M., Makris, N., Monuteaux, M. C., Boriel, D. L.,
Kelkar, K., … Biederman, J. (2006). Dorsolateral prefrontal and anterior cin-
gulate cortex volumetric abnormalities in adults with attention-deficit/hyper-
activity disorder identified by magnetic resonance imaging. Biological
Psychiatry, 60(10), 1071–1080. doi: 10.1016/j.biopsych.2006.04.031.
Sergeant, J.A.,Geurts,H.,Huijbregts, S., Scheres,A.,&Oosterlaan, J. (2003).The top
and the bottom of ADHD: A neuropsychological perspective. Neuroscience and
Biobehavioral Reviews, 27(7), 583–592. doi: 10.1016/j.neubiorev.2003.08.004.
Seymour, K. E., Tang, X., Crocetti, D., Mostofsky, S. H., Miller, M. I., & Rosch,
K. S. (2017). Anomalous subcortical morphology in boys, but not girls, with
ADHD compared to typically developing controls and correlates with emo-
tion dysregulation. Psychiatry Research – Neuroimaging, 261, 20–28. doi:
10.1016/j.pscychresns.2017.01.002.
Sigi Hale, T., Kane, A. M., Kaminsky, O., Tung, K. L., Wiley, J. F., McGough, J.
J.,… Kaplan, J. T. (2014). Visual network asymmetry and default mode net-
work function in ADHD: An fMRI study. Frontiers in Psychiatry, 5(Jul), 1–
20. doi: 10.3389/fpsyt.2014.00081.
Smaragdi, A., Cornwell, H., Toschi, N., Riccelli, R., Gonzalez-Madruga, K.,
Wells, A., … Fairchild, G. (2017). Sex differences in the relationship
between conduct disorder and cortical structure in adolescents. Journal of
the American Academy of Child and Adolescent Psychiatry, 56(8), 703–
712. doi: 10.1016/j.jaac.2017.05.015.
Smith, S. M., & Nichols, T. E. (2009). Threshold-free cluster enhancement:
Addressing problems of smoothing, threshold dependence and localisation
in cluster inference. NeuroImage, 44(1), 83–98. doi: 10.1016/
j.neuroimage.2008.03.061.
Valera, E. M., Brown, A., Biederman, J., Faraone, S. V., Makris, N., Monuteaux,
M. C., … Seidman, L. J. (2010). Sex differences in the functional neuroanat-
omy of working memory in adults with ADHD. American Journal of
Psychiatry, 167(1), 86–94. doi: 10.1176/appi.ajp.2009.09020249.
Valera, E. M., Faraone, S. V., Murray, K. E., & Seidman, L. J. (2007).
Meta-analysis of structural imaging findings in attention-deficit/hyperactiv-
ity disorder. Biological Psychiatry, 61(12), 1361–1369. doi: 10.1016/
j.biopsych.2006.06.011.
Van Den Bergh, D., Van Doorn, J., Marsman, M., Draws, T., Van Kesteren, E. J.,
Derks, K., … Wagenmakers, E. J. (2020). A tutorial on conducting and inter-
preting a Bayesian ANOVA in JASP. Annee Psychologique, 120(1), 73–96. doi:
10.3917/anpsy1.201.0073.
Villemonteix, T., De Brito, S. A., Kavec, M., Balériaux, D., Metens, T., Slama, H.,
… Massat, I. (2015a). Grey matter volumes in treatment naïve vs. chronically
treated children with attention deficit/hyperactivity disorder: A combined
approach. European Neuropsychopharmacology, 25(8), 1118–1127. doi:
10.1016/j.euroneuro.2015.04.015.
Villemonteix, T., De Brito, S. A., Slama, H., Kavec, M., Balériaux, D., Metens, T.,
… Massat, I. (2015b). Grey matter volume differences associated with gender
in children with attention-deficit/hyperactivity disorder: A voxel-based
morphometry study. Developmental Cognitive Neuroscience, 14, 32–37. doi:
10.1016/j.dcn.2015.06.001.
Wang, Y., Xu, Q., Li, S., Li, G., Zuo, C., Liao, S., … Joshi, R. M. (2018). Gender
differences in anomalous subcortical morphology for children with ADHD.
Neuroscience Letters, 665, 176–181. doi: 10.1016/j.neulet.2017.12.006.
Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., & Nichols, T. E.
(2014). Permutation inference for the general linear model. NeuroImage, 92,
381–397. doi: 10.1016/j.neuroimage.2014.01.060.
Woo, C. W., Krishnan, A., & Wager, T. D. (2014). Cluster-extent based thresh-
olding in fMRI analyses: Pitfalls and recommendations. NeuroImage, 91,
412–419. doi: 10.1016/j.neuroimage.2013.12.058.
Wu, Z. M., Llera, A., Hoogman, M., Cao, Q. J., Zwiers, M. P., Bralten, J., …
Wang, Y. F. (2019). Linked anatomical and functional brain alterations in
children with attention-deficit/hyperactivity disorder. NeuroImage:
Clinical, 23, 1–8. doi: 10.1016/j.nicl.2019.101851.
Yalachkov, Y., Kaiser, J., & Naumer, M. J. (2010). Sensory and motor aspects of




Downloaded from https://www.cambridge.org/core. IP address: 81.98.116.6, on 17 Jun 2021 at 14:06:39, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
